Boundaries between distinct topological phases of matter support robust, yet exotic quantum states such as spin-momentum locked transport channels or Majorana fermions 1-3 . The idea of using such states in spintronic devices or as qubits in quantum information technology is a strong driver of current research in condensed matter physics 4-6 . The topological properties of quantum states have helped to explain the conductivity of doped trans-polyacetylene in terms of dispersionless soliton states 7-9 . In their seminal paper, Su, Schrieffer and Heeger (SSH) described these exotic quantum states using a one-dimensional tight-binding model 10, 11 . Because the SSH model describes chiral topological insulators, charge fractionalization and spin-charge separation in one dimension, numerous efforts have been made to realize the SSH Hamiltonian in cold-atom, photonic and acoustic experimental configurations 12-14 . It is, however, desirable to rationally engineer topological electronic phases into stable and processable materials to exploit the corresponding quantum states. Here we present a flexible strategy based on atomically precise graphene nanoribbons to design robust nanomaterials exhibiting the valence electronic structures described by the SSH Hamiltonian 15-17 . We demonstrate the controlled periodic coupling of topological boundary states 18 at junctions of graphene nanoribbons with armchair edges to create quasi-one-dimensional trivial and non-trivial electronic quantum phases. This strategy has the potential to tune the bandwidth of the topological electronic bands close to the energy scale of proximityinduced spin-orbit coupling 19 or superconductivity 20 , and may allow the realization of Kitaev-like Hamiltonians 3 and Majoranatype end states 21 .
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robust, yet exotic quantum states such as spin-momentum locked transport channels or Majorana fermions 1-3 . The idea of using such states in spintronic devices or as qubits in quantum information technology is a strong driver of current research in condensed matter physics [4] [5] [6] . The topological properties of quantum states have helped to explain the conductivity of doped trans-polyacetylene in terms of dispersionless soliton states 7-9 . In their seminal paper, Su, Schrieffer and Heeger (SSH) described these exotic quantum states using a one-dimensional tight-binding model 10, 11 . Because the SSH model describes chiral topological insulators, charge fractionalization and spin-charge separation in one dimension, numerous efforts have been made to realize the SSH Hamiltonian in cold-atom, photonic and acoustic experimental configurations [12] [13] [14] . It is, however, desirable to rationally engineer topological electronic phases into stable and processable materials to exploit the corresponding quantum states. Here we present a flexible strategy based on atomically precise graphene nanoribbons to design robust nanomaterials exhibiting the valence electronic structures described by the SSH Hamiltonian [15] [16] [17] . We demonstrate the controlled periodic coupling of topological boundary states 18 at junctions of graphene nanoribbons with armchair edges to create quasi-one-dimensional trivial and non-trivial electronic quantum phases. This strategy has the potential to tune the bandwidth of the topological electronic bands close to the energy scale of proximityinduced spin-orbit coupling 19 or superconductivity 20 , and may allow the realization of Kitaev-like Hamiltonians 3 and Majoranatype end states 21 .
The fundamental features of the SSH model-which describes a one-dimensional chain of dimerized, coupled and spinless fermion states-are summarized in Fig. 1 . Conceptually, its basic elements are an ensemble of equivalent fermion states | ⟩ ψ i at each site i of the chain, an intra-cell coupling t n between two such states within the same dimer, and an inter-cell coupling t m between states of neighbouring dimers (Fig. 1a) . The corresponding spinor-based Hamiltonian
leads to the energy
. This dispersion relation yields three extremal phases: (i) an intra-cell decoupled, insulating phase with = ± E k t ( ) m for = t 0 n and ≠ t 0 m ; (ii) a metallic phase with π = E( ) 0 and = ± E t (0) 2 n for equal coupling strengths = ≠ t t 0 n m ; and (iii) an inter-cell decoupled, insulating phase with = ± E k t ( ) n for ≠ t 0 n and t m = 0.
These three extremal solutions of the SSH chain can be smoothly connected by introducing a phase factor φ ∈ π/ [0, 2] governing the strength of t n and t m via
, where γ denotes the bandwidth. The corresponding series of band structures φ E k ( , ) in Fig. 1b reveals non-dispersive band structures (orange) for the two insulating chain configurations at φ = 0 and φ = π/2, while for φ = π/4 (blue) a gapless metallic phase is found. That the smooth transition between two insulating phases can only occur by closing the gap is clear evidence of their distinct topological class. This class can be assigned using the winding number of
x y around the origin as a Z 2 topological invariant 11 , which is Z 2 = 1 for φ < π/4 and t n < t m , making the corresponding phases topologically non-trivial, and topologically trivial with Z 2 = 0 for φ > π/4 and t n > t m . Unfortunately, the winding number cannot be directly determined in experiments. However, the bulk-boundary correspondence, that is, the relation between the bulk winding number and the existence or absence of boundary states, offers a convenient experimental approach with which to determine a topological class. In the energy spectrum of a finite SSH chain of 25 dimers (Fig. 1c ) the topologically non-trivial phases for φ < π/4 can readily be distinguished from the trivial ones with φ > π/4 by the presence of two degenerate zero-energy states localized at the chain ends. Specifically designed graphene nanoribbons (GNRs) provide a platform with which to realize a class of robust solid-state nanomaterials that can flexibly encompass all three of the abovementioned quantum phases of the SSH chain. The atomically precise structural control required to rationally engineer the corresponding electronic structures can be achieved by on-surface synthesis 22 . Since the first successful bottom-up synthesis of GNRs by polymerization of dedicated molecular precursors 15 , a wide variety of GNRs exhibiting different width, chirality, edge structure and chemical doping has been realized 16, 17 . The chemical robustness of GNRs allows their handling under ambient conditions 23 and their integration into high-performance electronic nanodevices 24 , promising a technological exploitation of GNR-based topological quantum phases 18 .
The ability to flexibly engineer SSH-like topological quantum phases in GNRs requires a suitable electronic state representing | ⟩ ψ i . We identify such a state in the zero-energy boundary state at the junction of two armchair graphene nanoribbons (N-AGNR) of different widths.
Here N denotes the number of transverse carbon atom rows 15 . The boundary state we are considering here is itself of topological origin 18 . To understand this, we consider that N-AGNRs can be classified into three families according to their electronic properties. For N = 3p and N = 3p +1 (where p is an integer) the corresponding AGNRs exhibit a gapped electronic structure, whereas for N = 3p + 2 a gapless (that is, metallic) behaviour is observed at the tight-binding level of theory 25 . At a smooth junction between a gapped N-AGNR with N = 3p +1 and a gapped N = 3p + 3 AGNR (that is, with two additional rows of carbon atoms) (see Supplementary Figs. 1-4 ), a zero-energy boundary state occurs owing to the gapless N = 3p + 2 intermediate ( Supplementary  Figs. 5-9 ). This situation is analogous to polyacetylene, where the smooth transition from one bond alternation pattern to the complementary one can only proceed via closure of the gap, leading to a zero-energy soliton state 8, 11 . The wavefunction of the corresponding boundary state at a 7-AGNR/9-AGNR junction is displayed in Fig. 1d .
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Creating a periodic sequence of such boundary states along and across the N-AGNR backbone, by local extension to a finite (N + 2)-AGNR segment ( Fig. 1e ), produces an effective solid-state analogue of a cis-SSH chain. Here, the index n denotes the length of the (N + 2)-AGNR segment and m corresponds to the separation between the opposite segments across the backbone. The resulting staggered (S) ribbon structure is labelled N-AGNR-S(n,m). Thereby, the structure shown in Fig. 1e and Fig. 2b with N = 7, n = 1 and m = 3 is denoted as 7-AGNR-S(1,3) (see Supplementary Figs. 1-4 for details). In terms of the SSH Hamiltonian, n is directly related to the intra-cell coupling t n while m determines the inter-cell coupling t m .
The tight-binding bulk band structure of the staggered 7-AGNR-S(1,3) is compared to the band structure of the pristine 7-AGNR backbone in Fig. 2 . The appearance of four dispersive bands around the Fermi energy of the 7-AGNR backbone structure is readily observed (see also Supplementary Figs. 10 and 11). These bands are in excellent agreement with the zone-folded SSH energy spectrum E(k) (blue solid lines in Fig. 2b ) with t n = 0.45 eV and t m = 0.59 eV.
We present a synthetic design to experimentally realize the staggered 7-AGNR-S(1,3) structure by using 6,11-bis(10-bromoanthracen-9-yl)-1,4-dimethyltetracene (BADMT, monomer 1) as precursor monomer. The methyl groups can form zigzag edges smoothly bridging the 7-and 9-AGNR segments via cyclization with the neighbouring aromatic rings, forming the intermediate 8-AGNR structure. The corresponding on-surface synthesis route ( Fig. 2c ) consists of the sublimation of monomer 1 onto a clean Au(111) surface, subsequent thermal precursor activation (dehalogenation) and polymerization at 200 °C, and finally cyclodehydrogenation of the polymer at 400 °C. A constant-height non-contact atomic force microscopy (nc-AFM) image of the resulting structure is shown in Fig. 2d . The chemical stability of this GNR was investigated by Raman spectroscopy ( Supplementary   Fig. 27 ), and no spectral changes were detected after 5 days under ambient conditions, consistent with the high stability of the pristine backbone 7-AGNR 23 .
STS investigation reveals that the 2.4-eV bandgap of the pristine 7-AGNR on Au(111) 26, 27 is drastically reduced to 0.65 ± 0.1 eV for the 7-AGNR-S(1,3). Constant-current dI/dV maps of the main spectroscopic features around the gap ( Fig. 2e ) can be reliably assigned to the bottom and the top of the valence band (VB) and conduction band (CB), respectively, by comparison with tight-binding simulations (Fig. 2f ). The experimentally observed total bandwidth ΔE exp = 1.6 eV (VB minimum to CB maximum, see Supplementary Figs . 15, 17) is in good agreement with the one found from the tight-binding calcula-
with t n = 0.45 eV and t m = 0.59 eV. From density functional theory (DFT, Supplementary  Fig. 12 ) we deduce ΔE DFT = 1.95 eV with t n = 0.37 eV and t m = 0.60 eV. The symmetry of E(k) with regard to exchange of t n and t m does not allow us to determine which coupling term prevails and it remains an open question whether the 7-AGNR-S(1,3) structure belongs to the topologically non-trivial class (Z 2 = 1 with t m > t n ) or the topologically trivial class (Z 2 = 0 with t m < t n ).
To clarify this question we exploit the bulk-boundary correspondence 11 and check for the presence of end states at the termini of the N-AGNR-S(n,m) nanoribbon family. There is, however, a complication arising from the concomitant presence of zigzag termini related end states of the N-AGNR backbone 28 . Both types of end states have topological origins but of different nature. As detailed in Supplementary Figs. 18-20, these two states can interact and hybridize such that the SSH end state is no longer present at zero energy. To prevent this, the terminus of the N-AGNR-S(n,m) needs to be extended by a sufficiently long segment of pristine N-AGNR backbone, as illustrated in Fig. 3a and b . The resulting local density of states (LDOS) at the end of . c, Energy level diagram as a function of φ for a finite SSH chain of 25 dimers, revealing topological zero-energy modes for φ < π/4 (that is, t n < t m ). Also shown is the wavefunction of the frontier orbitals (that is, closest to E = 0 eV) for a short 8-dimer chain with localized end-state character for φ < π/4 and extended bulk-like character for φ > π/4. d, Wavefunction of the N-AGNR to (N + 2)-AGNR boundary state at an isolated smooth junction between 7-AGNR and 9-AGNR. The size of the circles in d denotes wavefunction amplitude and colour (blue to red) indicates wavefunction parity. e, Schematic representation of the frontier orbitals (size of circles denotes charge density) of a 7-AGNR with staggered edge extensions leading to short 9-AGNR segments. The corresponding 7-AGNR to 9-AGNR boundary states couple within the 9-AGNR segments (t n ) and across the 7-AGNR backbone (t m ), analogously to the cis-SSH chain illustrated in a.
the N-AGNR-S(n,m) segment (indicated by the arrows) as a function of m is shown in Fig. 3a and b for the 7-AGNR-S(1,m) and 7-AGNR-S(3,m) nanoribbon families, respectively. The (m = 1) 7-AGNR-S(1,1) exhibits a zero-energy end state, indicating that it belongs to the topologically non-trivial phase (φ < π/4) with t n < t m . Increasing m decreases t m while t n remains approximately constant (n = 1). For m = 2 the LDOS shows a closing of the gap corresponding to t n ≈ t m (φ ≈ π/4), thus marking the metallic intermediate separating the non-trivial 7-AGNR-S(1,1) from the trivial 7-AGNR-S (1,3) , which shows a gap again but with no zero-energy end states. For n = 3 (Fig. 3b ), t n is reduced and the non-trivial to trivial transition with t n ≈ t m should occur at larger m (that is, smaller t m ) than in the n = 1 case. As can be seen from Fig. 3b , zero-energy end states do indeed occur for m = 1, 2 and 3, indicating that, according to the tight-binding calculations, the experimentally realized 7-AGNR-S(1,3) belongs to the topologically trivial Z 2 = 0 class.
To verify this finding experimentally, the synthetic route shown in Fig. 2 was modified to allow the required extension of the staggered nanoribbon structure with a pristine 7-AGNR backbone segment. This is realized by sequential deposition of monomer 1 for the 7-AGNR-S(1,3) and dibromo-bianthryl (DBBA, monomer 2) for the 7-AGNR ( Fig. 3c, Supplementary Fig. 25 ). Differential conductance 
dI/dV spectroscopy at the end of the SSH GNR segment (red curve and marker in Fig. 3d and e ) and at the internal SSH chain site (blue) shows nearly identical spectra with no indication of an end state. This is further corroborated by dI/dV mapping at selected energies around E = 0 eV ( Fig. 3f) . At U = −0.05 V the onset of the spatially extended VB states of the 7-AGNR-S(1,3) can be seen; U = 0.25 V corresponds to a gap with no particular features, and at +0.65 V the bottom of the CB can be observed, in good agreement with the tight-binding charge-density simulation of the lowest-energy CB state of the 7-AGNR-7-AGNR-S(1,3) heterostructure (Fig. 3g ). The experiment therefore confirms the tight-binding prediction that the 7-AGNR-S(1,3) is topologically trivial with Z 2 = 0.
The staggered N-AGNR-S(n,m) exhibits boundary states only for nanoribbon widths N = 3p +1 (where p is an integer) and provides an electronic cis-polyacetylene analogue. If instead of an asymmetric N-AGNR to (N + 2)-AGNR junction an axially symmetric N-AGNR to (N + 4)-AGNR junction is considered, as illustrated in Fig. 4a , the resulting 'in-line' edge-extended GNR will yield zero-energy boundary states for all backbone widths N ( Supplementary Fig. 6 ). Similar to the staggered structure, the (N + 4) segment length is denoted by n and the segment spacing by m, and the in-line 'I' structure is thus labelled N-AGNR-I(n,m). The structure shown in Fig. 4a is therefore a 7-AGNR-I (1, 3) . The LDOS series for the 7-AGNR-I(1,m) family in Fig. 4b reveals topological end states for m = 2 and m = 3 with the non-trivial to trivial phase transition between m = 3 (Z 2 = 1) and m = 4 (Z 2 = 0). The bulk band structure for the 7-AGNR-I(1,3) exhibits two trans-polyacetylene-like bands with t n = 0.45 eV and t m = 0.65 eV ( Supplementary Fig. 11 ), which is very similar to 7-AGNR-S (1, 3) . Topological phase diagrams for the 7-AGNR-S(n,m) and 7-AGNR-I(n,m) structures are given in Supplementary Fig. 14 for ∈ n [1, 9] and ∈ m [1, 9] .
The synthetic route to the 7-AGNR extended 7-AGNR-I(1,3) structure is analogous to the one for the staggered structure, but using 6,13-bis(10-bromoanthracen-9-yl)-1,4,8,11-tetramethylpentacene (BATMP, monomer 3) as the precursor molecule. Figure 4d presents the nc-AFM image of a 5-unit 7-AGNR-I(1,3) that is extended by 7-AGNR segments at both ends. dI/dV spectra recorded at the 7-AGNR/7-AGNR-I(1,3) junction (dark blue and red in Fig. 4c and d) reveal a state at approximately 0.25 V that is only present at the chain ends, as confirmed by dI/dV mapping (Fig. 4e ). Comparison with tight-binding calculations (Fig. 4f ) reveals that the extended state at 0.15 V can be assigned to the top of the VB, the 4-lobe state at +0.7 V in the centre of the chain to the CB minimum, and that the state at +0.25 V is indeed the expected topologically non-trivial bulk-boundary end state (see Supplementary Fig. 26 for a high-resolution dI/dV map). This state is not observed at exactly 0 V owing to charge doping by the substrate, which is well known to occur for low-bandgap GNRs on Au(111) 29, 30 and its non-mid-gap position might be due to substratedependent many-body energy renormalization 31 . All together, this analysis shows that, in contrast to the staggered trivial 7-AGNR-S (1,3) , the inline edge-extended 7-AGNR-I(1,3) belongs to the topologically non-trivial Z 2 = 1 class and hosts topological end states.
For our discussion we have chosen the topological invariant related to the winding number of the SSH model (Z 2 ) as identifier of the topological class. Alternatively, the Zak phase of all occupied bands can also be used, yielding the topological invariant 18 Z′ 2 , which is Z′ 2 = 1 − Z 2 for the structures considered here (see Supplementary  Fig. 13 ).
The presence of short zigzag edge segments in the structure families discussed here suggests the possibility of magnetic ordering 32 . For the 7-AGNR-S(1,3) and 7-AGNR-I(1,3) structures the relatively strong coupling suppresses magnetic ordering, but the formation of antiferromagnetic spin-chains is expected for structures with larger n and m ( Supplementary Figs. 22-23) . A more direct effect of the (n,m)dependent coupling strength is that the bandgap can be tuned over a wide range without changing the ribbon width ( Supplementary Fig. 14) .
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